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The computational methods are increasingly indispensable in current engineering
fields, because the computer technologies have advanced rapidly. In general, engineers
have to conduct a theoretical forecast and an experimental verification before a new idea
is put to practical use. The computational method is not only the tool for the theoretical
forecast but also the alternative of the experimental verification in some cases. A finite
difference method (FDM) and a finite element method (FEM) are obviously the most
sophisticated methodology. The primal advantage of FDM is its simple coding while
that of FEM is flexibility. The purposes of this study are to create alternative FDM-
or FEM-based methods for computing the viscoelastic wave equations, to simulate the
ground vibration from running trains, and to demonstrate the worth of the developed code
in the engineering fields. The ground vibration has a possibility to become environmental
problems against the train’s speed-up. For further speed-up in the future, it is important
to investigate the methodology that can quantitatively reproduce this phenomenon.
First, the viscoelastic wave equations are derived. From the view of coding, this
derivation is composed of alternative definition of variables and arrangement of equations.
Second, the two-dimensional elastic wave equations are expanded to computational
scheme. The author originally proposes DEFGM (Decomposed Element Free Galerkin
Method). DEFGM is composed of two ideas. One is that its calculation scheme computes
the internal-stresses at each time step without computing the stiffness matrix. Another is
to use the shape function evaluated by the moving least squares from the Element Free
Galerkin Method (EFGM). The reason to propose DEFGM is to enhance the accuracy of
FEM even in the low-order degrees of the spatial interpolation. The main discussion is
the comparison between DEFGM and FDM4 (Finite Difference Method with 4th order
accuracy in space).
In the test by using analytical solution of the PS reflection wave, the accuracy of FDM4
was a little better than that of DEFGM. When PS reflection waves were used for the
comparison, we found that the numerical accuracy of FDM4 was a little better than that
of DEFGM. This is because the accuracy in space of FDM4 is fourth-order while that of
our DEFGM is third-order. Therefore, FDM4 is better than DEFGM when we simulate
infinite space since FDM4 consumes less CPU time than DEFGM. However, when we
simulate Lamb’s problem with 8 nodal spaces for the shortest S-wavelength, DEFGM
provides an accurate Rayleigh waveform for a distance at least equal to 50 wavelengths
while FDM4 for 5 wavelengths. This is because our FDM4 adopts second-order accuracy
in space near the free surface. In addition, DEFGM with a 1 m nodal spacing is more
accurate than FDM4 with a 0.5 m grid spacing. In this comparison, the CPU time of
DEFGM is faster than that of FDM4. Finally, we compared the results from some weight
i
functions. Although a weight function frequently used in past literatures performs less
accurate than expected, the proposed combination of base vector and weight function
dramatically improved the accuracy of EFGM. Also it is found that a specific DEFGM
performs better in the accuracy than standard FEM.
Third, a three-dimensional viscoelastic finite difference method (FDM) was adopted
to study the mechanism of ground vibrations induced by a high-speed train. Time-series
data of the forces acting on the railroad were observed from the wheels of a running
Shinkansen train and were used to develop a realistic source function as an input to
numerical simulations for a single wheel. The measurement of forces on the wheels
effectively provides unlimited low-frequency components. A 3D numerical model
comprising an embankment of the railroad was designed to mimic a test field site using
the borehole logging data. Simple analytical discussions concluded that a rail length of
120 m and a grid spacing of 0.25 m were acceptable for stable FDM simulations without
numerical dispersion. The simulated ground vibration was compared with the observed
vibrations at the test site. The simulated ground vibrations closely resemble the observed
ones. At the test site, material attenuation (Q) is not observed experimentally, however,
the best match with field data is realized by assuming Q = 5, 6, 7.5, 15, 25 and 50.
Finally, by using three-dimensional DEFGM and FEM, a complex structural problem
is evaluated. The accuracy of the FEM is evaluated by three tests. FEM is compared
to the analytical solution for Lamb s problem and the semi-analytical solutions for
layered elastic or viscoelastic media. Viscoelastic wave equations are derived from three
relaxation mechanisms. Especially, FEM and the analytical solution for Lamb s problem
showed almost perfect convergence. Therefore, it is concluded that FEM produces quite
accurate waveforms. This conclusion supports the accuracy of FEM in viscoelastic case.
Moreover, it performs effective CPU time reduction by parallel computing.
A connecting part in elevated bridge, for some cases, is reinforced by steel beams. Its
sub-effect for the ground vibration was evaluated by using a combining theory between
beam element and DEFGM element. Also, the buried sheet pile was evaluated. The
results could affirmatively explain the result in the past experimental researches. Thus,
it was demonstrated that these two constructions supply effective reduction of ground
vibration level.
In summary, the frameworks to simulate the ground vibration from running trains were
successfully developed. This remark is fundamentally supported by various accuracy
and stability tests. Especially, this paper presents a stability condition for finiteness and
discreteness of railroad. Also, it presents a matching condition between beam element and
DEFGM element. It is important that the simulations are conducted after these validating
processes.
It depends on the situation which FDM or FEM should be selected. It was found that
ii
accuracy is even as long as FDM and FEM solve a homogeneous problem by this research.
When a basic mechanism of the phenomenon clarifies, FDM is appropriate because of its
simple coding. On the other hand, when we evaluate complex conditions such as elevated
bridge or sheet pile constructions, FEM is appropriate. In case of FEM, the treatments of
the combination with beam element or the coordinate transformation are more elaborate
than in the case of FDM.
Future study should aim to consider the mechanisms such as the consolidation, the
anisotropy, the acoustic emission and the slips between a concrete and natural ground.
For such specific problems, the new methodologies may be more appropriate than FDM-
or FEM-based methodologies. For the new methodologies, it may be impossible to obtain
analytical solutions. However, this paper demonstrated that FDM and FEM supply quite
accurate resolutions. Therefore, the new methodologies can be investigated by comparing
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• Vp = Vp(x, y, z) : P [m/s]
• Vs = Vs(x, y, z) : S [m/s]
• ρ = ρ(x, y, z) : [kg/m3]
• λ = λ(x, y, z), µ = µ(x, y, z) : [kg/ms2]
• Qp = Qp(x, y, z) : P Q
• Qs = Qs(x, y, z) : S Q
• E = E(x, y, z) : [Pa]
• ν = ν(x, y, z) :
• wl : l (Relaxation time for stress)
(= 2pifl).
• σij = σtij(x, y, z) : i j (internal stress) [Pa].
, i, j = x, y, z. t .
• γijl = γtijl(x, y, z) : l , i
j [Pa/s]. , i, j = x, y, z.
• ui = uti(x, y, z) : i [m]
• u = (ux, uy, uz) :
• vi = vti(x, y, z) : i [m/s]
• ai = ati(x, y, z) : i [m/s2]
3
4 2 /
• fi = f ti (x, y, z) : i [m/s2]
• f = (fx, fy, fz) :
• Fi = F ti (x, y, z) : i [N]
• τij = τ tij(x, y, z) : i j (traction) [Pa].
, i, j = x, y, z. t , .
• ∆x,∆y,∆z : [m]







ρV 2p = λ+ 2µ




E = 2ρV 2s (1 + ν)
2.1
, i j k
l ( ). ,
σij = Cijkl · εkl (2.1)
. , Cijkl . ,




1 (i = j)
0 (i 6= j) (2.3)










































Fig. 2.1: A small volume for introducing equations of motion.
2.2
,
. Fig. 2.1 6
Fig. 2.2 . ,
σxx (x+ dx, y, z) = σxx (x, y, z) + dx
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(2.6) (2.2) , ,
ρ
••




u = ρf + (λ+ 2µ)∇ (∇ • u)− µ∇× (∇× u) (2.9)
. • .
2.3.2 2 1
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Fig. 2.3: SLSM; Standard Liner Solids Model. This is a rheologic model for explaining
constant Q behavior.
2.4
2.4.1 (Standard Liner Solids Model)
, Fig.2.3 L+ 1 L
(SLSM; Standard Liner Solids Model)
. k , , η .
, SLSM ,
Liu et al. (1976) . , SLSM , ,
Q ( Q)
, , ( , 2004, pp. 220).
















, (l = 1, 2, · · · , L) (2.25)





ε = ε0 = ε1 = · · · = εL (2.27)
10 2 /
(2.24) (2.27) , ,












ε˜ = ε˜0 = ε˜1 = · · · = ε˜L (2.31)
. σ˜ ε˜ , σ ε . s


































(2.36) , ε(t) .
, ε(t) ,



























































. τσl, τεl , l
(Relaxation time for stress and strain, respectively) . MR SLSM
, 2.3 k0 , .





σij = Gijkl ∗ •εkl =
•
Gijkl ∗εkl (2.42)
(Christensen ) . SLSM
, Viogt , Maxwell
, ( ) , ( )
,
, (Christensen, 1982). σ ε
, σ = σ(t), ε = ε(t) .
(2.42) 2 3 (
A (A.6) ). , , G(t)
. ,
.
Liu et al., (1976) (2004) , after-effect
.
. , , Christensen
(Carcione et al., 1988).
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SLSM
, λ+ 2µ µ 2
















































Gp (t) ∗ (εxx + εyy + εzz)− 2
•
Gs (t) ∗ (εjj + εkk) (2.46)
σij = 2
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, i 6= j (2.50)
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τ pεl − τσl
τσl
τ sl =
τ sεl − τσl
τσl
(2.53)











































. γijl , (2.52)
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. , (2.45) . γ , ,
1 (Particle velocity)













2.4.3 Q (τσl, τ pl , τ sl )
Q , , 1












, i , ω . Q ,
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, L , Q , Q(ω)
.
, 0.1 10Hz , Q(ω) = 40 . (2.64)





, Table 2.1 L = 3 , ωl = 1/τσl Q(ωl)
, (2.65) . , Table 2.1 τl .
, (2.64) , , Fig. 2.4
. 1 Q ,
L = 10 , ,
, L = 3 (Ka¨ser and Dumbser,
2007).
τσl τl , .
, Q Q
. , (2.33), (2.34), (2.63) ,
τl > 0 (2.68)
.
16 2 /
Table 2.1: Example for setting constant Q from three relaxation mechanisms. This data
set produces almost constant Q (Q(ω) = 40) at 0.1 10 Hz as shown in Fig. 2.4.
l 1 2 3
ωl/(2pi) = 1/(2piτσl) [Hz] 0.1 1.0 10
Q(ωl) 39.0 38.5 39.0
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Fig. 2.4: Q values obtained by SLSM. This graph is obtained from Table 2.1 and Eq.
(2.64).
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Fig. 2.5: Phase velocity by SLSM with 3 relaxation mechanisms. This graph is obtained




Q Blanch et al., (1995) (Blanch ) .
, Q ,
, Relaxation Mechanism 1 (L = 1) , .
, Q , (2.64)
, , τl , l (Table 2.1 ). ,



























Q−1 (ω, τσl, τ)−Q−10
)2
dω (2.79)
J . , Q [ωa, ωb] ,
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SLSM L = 1 , (2.78), (2.83)
Q−1(ω) =
ωτσ





















, (2.88) τ , Q0, ω0 . ,
L = 1 .
∂σii
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(b) Q = 5 by 30 Hz central
Fig. 2.6: A comparison between setting and actual value in Blanch method.
L = 1 Blanch
Blanch , (2.64) (2.78) , Q 1
. L = 1 , (2.64) (2.77) τl l
, Q .

















τ (2.99) (2.100) . Fig. 2.6(a) , ω0 = 2pi × 15
Hz Q0 = 25 , Fig. 2.6(b) , ω0 = 2pi × 30 Hz Q0 = 5
. Q = 25 , ,
Q = 5 , Q = 6 . Q , Blanch

































(c) SLSM(L = 1)
Fig. 2.7: Three rheological models.
Fig.2.7 3 (Maxwell, Viogt, SLSM(L = 1)) . Maxwell,









. SLSM (2.100) Blanch . Fig. 2.8
3 Q . , 3 , ω0 = 2pi × 15 Hz
Q = 25 .
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Maxwell, Viogt . , ,
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Fig. 2.8: Q value comparison among Maxwell, Viogt and SLS models. These three graphs




, (FDM: Finite Difference Method) (FEM: Finite
Element Method) 2
. , FEM ,
,
DEFGM(Decomposed Element Free Galerkin method)
.
, , FDM . , 4
FDM ,
(Virieux, 1986; Graves, 1996). FDM ,
PS-FDM(Pseudo Spectral) (Carcione, 1994).
. , Komatitsch and
Tromp (1999) (SEM: Spectral Element Method) ,
FEM ,
(Komatitsch and
Tromp, 2002). , , FEM
, ADER-DG(Arbitrary high-order DERivatives - Discontinuous Galerkin
method) (Ka¨ser and Dumbser, 2006; Dumbser and Ka¨ser, 2006). FEM
, , .




Belytschko et al., (1994) (EFGM: Element Free
Galerkin method) . EFGM , FEM
. , Lu et al., (1995)
.
, Jia and Hu (2006) EFGM .
, (Liu, 2003).
, EFGM FEM
Belytschko et al., (1994) (2007) .
. EFGM
, . , 100×100
, , 50 20000(25
25
26 3 2
2 10000 2 ) . Jia and Hu (2006)
, 41 41 .
FEM , ,
FEM (Koketsu et al., 2004; Ma et al., 2004). ,
. , PML
2 (Komatitsch and Tromp, 2003), FEM
, , 1 PML (Collino and
Tsogka, 2001). , , 2
FEM .
, 4 FDM , 3 FEM
, DEFGM(Decomposed Element Free
Galerkin Method) . , ,
DEFGM
(Katou et al., 2006b).
3.2. (FDM: Finite Difference Method) 27


























































, . Fig. 3.1
, σ, v ∆x/2, ∆z/2 ,
, . (3.1) (3.3) 2
, (i, j), t
σ
t+∆t/2
xx (i, j)− σt−∆t/2xx (i, j)
∆t
=(λ+ 2µ)
vtx(i+∆x/2, j)− vtx(i−∆x/2, j)
∆x
+ λ





zz (i, j)− σt−∆t/2zz (i, j)
∆t
=λ
vtx(i+∆x/2, j)− vtx(i−∆x/2, j)
∆x
+ (λ+ 2µ)





xz (i, j)− σt−∆t/2xz (i, j)
∆t
=µ
vtz(i+∆x/2, j)− vtz(i−∆x/2, j)
∆x
+ µ
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Fig. 3.1: ∆x and ∆z are the grid spacing for x- and z-direction respectively. A free





x (i, j)− vt−∆t/2x (i, j)
∆t
=
σtxx(i+∆x/2, j)− σtxx(i−∆x/2, j)
∆x
+






z (i, j)− vt−∆t/2z (i, j)
∆t
=
σtxz(i+∆x/2, j)− σtxz(i−∆x/2, j)
∆x
+
σtzz(i, j +∆z/2)− σtzz(i, j −∆z/2)
∆z
(3.10)
. , σ v ∆t/2 , (3.6) (3.8) , (3.9), (3.10)
, .














































4 , FEM . 2 FEM
, . , FDM
.
3.2.2 1; Image method
Free surface . Fig.
3.1 , ,
. , σxx, σzz, vx .
Levander(1988) , . , 2
.













, z x . ,
(3.1) . (3.6) ,
σ
t+∆t/2











σxz(x, 0) = 0 (3.16)
30 3 2
, (3.9) ,






3.2.3 2; Vacuum method
Image method , Vacuum method .
,
Vp = Vs = 0 (3.18)
, (Graves, 1996).
, (Robertsson, 1996).
(Rotated staggered grid) , Vacuum method
, , Image method (Bohlen
and Saenger, 2006). , , Image method
, Vacuum method .
, Image method, Vacuum
method (Hayashi, 1999). ,
,
FDM .
3.3. (FEM: Finite Element Method) 31
3.3 (FEM: Finite Element Method)
3.3.1
Fig. 3.2(a) , [-1, 1] .
9 9
. , , .
. ,
m , 2m+ 1
.
2 2 3×3 ,
G = 0.7745867
, i qi
qi = qv = qvi = qix = 0.88888888× 0.88888888÷ 4
qii = qiii = qvii = qviii = 0.55555555× 0.88888888÷ 4
qiv = 0.55555555× 0.55555555÷ 4






f (ξ, η) dξdη = 4
ix∑
i=i
[qif (ξi, ηi)] (3.19)
. 4 , . FEM
, 2×2 ,
, 3×3 .
FEM , . ,
,
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(b) Real space
Fig. 3.2: (a) A finite element and grid arrangement in regular space. This element
is defined under the concept of third-order accuracy in space and is including 3 × 3
Gauss-Legendre integral points. (b) A finite element in real space.
3.3. (FEM: Finite Element Method) 33
, 9 [v(ξI, ηI), v(ξII, ηII), · · · , v(ξIX, ηIX)]
1
1 −1 · · · (−1)2 × (−1)2






































N I (ξi, ηi) N
II (ξi, ηi) · · · N IX (ξi, ηi)
N I (ξii, ηii) N










N I (ξi, ηi) N






































. (3.22) Table. 3.1 ( , 2002, pp.
111).
, , (Fig. 3.2(a))




N j(ξj, ηj)v(ξj, ηj) (3.24)



















Table 3.1: A shape function for the element structured by 3 × 3 nodal points.
Nodel number Shape function
I N I = 0.25(1− ξ)(1− η)ξη
II N II = −0.5(1− ξ2)(1− η)η
III N III = −0.5(1− η2)(1− ξ)ξ
IV N IV = (1− ξ2)(1− η2)
V NV = −0.25(1 + ξ)(1− η)ξη
VI NVI = −0.25(1− ξ)(1 + η)ξη
VII NVII = 0.5(1− η2)(1 + ξ)ξ
VIII NVIII = 0.5(1− ξ2)(1 + η)η
IX N IX = 0.25(1 + ξ)(1 + η)ξη
























































( , 1996, pp. 24). J .
f(x, y) , (3.19) ,∫ ∫









[qif (ξi, ηi) det Ji] (3.31)










. (2.10) (2.12) Fig. 3.2(b) ,
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, (k = x, z) (3.36)
. , (3.33) (3.35) .
, FEM . t , ,
σ
t+∆t/2















































































Fig. 3.3: Elastic body consisting of nine elements. Open circles are nodal points.

































dΩ = 0 (3.41)
( , 2004, pp. 22).
.
, .
, (3.40), (3.41) , (2.13), (2.14) φx, φz































dΩ = 0 (3.43)
. (3.42), (3.43) . ,
φ














































φz (τxz + τzz) dΓ
(3.45)
. Γ Ω . τxx, τzz, τxz
. , , φ














































δuz (τxz + τzz) dΓ (3.47)
, φ δu , ( +
) ( +
) . , φ ,
, FEM . , (3.23)
. ,
FEM .
, ( ) (3.44), (3.45)
ux uz . ,
δux = δuz = φx = φz = φ (3.48)
38 3 2
, ux uz . , Fig. 3.2(a)
, vx vz .
3.3.4
,
. , (3.42), (3.43)
.





















. T , . .
Fig. 3.2(a) , (3.31) . PiVx (t)
i . qi
, , , PTi
, ( ). ,
Ω . (3.49)




















































= [· · · , m¯j1 , · · · ] , j1 = I, II, · · · , IX
(3.52)















. M¯ (Lumped mass matrix) .














































) , , φij
( ) .
, .
, , Lu et al., (1995)
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. (3.56), (3.57) (3.37) (3.39)
, FEM
Ma +Ku = F (3.58)
. K .
, (3.58) , (3.56), (3.57)
. , . ,










































































Ω . Fig. 3.3 , I IX ,
3.3. (FEM: Finite Element Method) 41
. , Ω5
U (I) of Ω5 = U (V) of Ω4
= U (VI) of Ω2
= U (IX) of Ω1
U (II) of Ω5 = U (VIII) of Ω2
U (III) of Ω5 = U (VII) of Ω4 (3.61)
. , (3.59), (3.60)
(3.61) I III, IV
4 , Ω .
, (3.59) I , Ω ,
(m¯I + m¯V + m¯VI + m¯IX)
v
t+∆t/2


































































= F tx (xI, zI) (3.62)
42 3 2


































































































= F tx (xIV, zIV) (3.65)
. , (3.60)
(m¯I + m¯V + m¯VI + m¯IX)
v
t+∆t/2


































































= F tz (xI, zI) (3.66)


































































































= F tz (xIV, zIV) (3.69)
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Fig. 3.5: A weight function for moving least square. This graph is obtained by Eq. (3.70)
with n = 5
3.4
(EFGM: Element Free Galerkin method) ,
Belytschko, et al.(1994) ,
. EFGM FEM .
, , FEM , .
3.4.1
(MLS: Moving Least Squares) . , Fig.
3.2(a) 9












0 < rij ≤ Ri
wi (rij) = 0 Ri < rij (3.70)
. , rij ,
rij =
√
(x− xi)2 + (z − zi)2 (3.71)
46 3 2
, i j . Ri ,
.
na = 5 (3.72)
Ri=iv = 1.6 (3.73)
Ri=ii,iii,vii,viii = 2.2 (3.74)
Ri=i,v,vi,ix = 2.6 (3.75)
. , na ±1, R ±0.1 (3.72) (3.75)
,



















na (na − 1) rij
Ri
{







, rij = Ri/(na − 1) ,
. Fig. 3.5 na = 5 (3.70) .
, , Fig. 3.2(a)
.
. , i










, ξ2i ηi, ξiη
2
i . . ,
B =

1 −1 −1 (−1)(−1) (−1)2 (−1)2 (−1)2(−1)2
1 0 −1 (0)(−1) (0)2 (−1)2 (0)2(−1)2
1 −1 0 (−1)(0) (−1)2 (0)2 (−1)2(0)2
1 0 0 (0)(0) (0)2 (0)2 (0)2(0)2
1 1 −1 (1)(−1) (1)2 (−1)2 (1)2(−1)2
1 −1 1 (−1)(1) (−1)2 (1)2 (−1)2(1)2
1 1 0 (1)(0) (1)2 (0)2 (1)2(0)2
1 0 1 (0)(1) (0)2 (1)2 (0)2(1)2
1 0 1 (1)(1) (1)2 (1)2 (1)2(1)2

(3.79)
diag [Wi] = [wi (riI) wi (riII) · · · wi (riIX)]T (3.80)
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WiBA = V (3.83)





































, (3.84), (3.85) ,
v(ξi, ηi) = PiV (3.87)
, v(ξi, ηi) V . ,
Pi (3.23) .





























































































































(Belytschko et al., 1994).
3.4.2 DEFGM(Decomposed Element Free Galerkin Method)
, FEM ,
EFGM (Katou et al., 2006b). ,





. , , Cerjan method(Cerjan et al., 1985) ,
PML( , Collino and Tsogka, 2001; Festa and Nielsen, 2003)
.
3.5.1 Cerjan method





, , α=0.015 , 20
. ,
, .
3.5.2 PML(Perfectly Matched Layer)
PML(Perfectly Matched Layer) ,
. PML , (2.10) (2.12)
∂σxx−x
∂t



































σxx = σxx−x + σxx−z (3.100)
σzz = σzz−x + σzz−z (3.101)
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Fig. 3.6: Value of PML damping function (3.103).
. (directional spliting) . (3.94) (3.99)
d(x′), d(z′)



























. , D PML , R PML
( R = 1000 ). Fig. 3.6 (3.103) .
x′, z′ x z , PML ,
.
, PML , ,
FEM . (3.37) (3.39) ,
σ
t+∆t/2













































































































































































φ (τxz−z + τzz−z) dΓ (3.114)
52 3 2
. ,
vx = vx−x + vx−z (3.115)
vz = vz−x + vz−z (3.116)
fx = fx−x + fx−z (3.117)
fz = fz−x + fz−z (3.118)
τxx = τxx−x + τxx−z (3.119)
τzz = τzz−x + τzz−z (3.120)
τxz = τxz−x + τxz−z (3.121)
. , (3.62) (3.69)






























































= F tx−x (xI, zI) (3.122)


















































































































































































































































































= F tx−z (xIV, zIV) (3.129)






























































= F tz−x (xI, zI) (3.130)


















































































































































































































































































= F tz−z (xIV, zIV) (3.137)
.
Fx = Fx−x + Fx−z
Fz = Fz−x + Fz−z (3.138)
, . , Fz = 1
, Fx−x = Fx−z = 0.5 , Fx−x = 1, Fx−z = 0 .
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3.6




(Marfurt, 1988). , Levander(1988)
Image method , S , 8
(Bohlen and Saenger, 2006). , ,
, .




. max{Vp} P . , c
, 2 , c = 1/
√
2 (Virieux, 1986). , FEM
, c=0.80 . , Koketsu et al., (2004) .
3.6.2 PS
P P , PP , PS (EXE2DELEL) , SPICE
Homepage (http://www.spice-rtn.org) . DEFGM
FDM4 .
Fig. 3.7 . , 401×401
. , 200×200 , 4 10
PML .
(Vp = 2000 m/s, V s = 1000 m/s, ρ = 1500 kg/m3) P , (Vp
= 2500 m/s, V s = 1500 m/s, ρ = 1900 kg/m3) .
50 Hz Ricker wavelet . Ricker wavelet
2.5 , 125 Hz . (FDM ) ∆x = ∆z
= 1 m . , S ,
125 Hz , 8 m , 8
.
58 3 2
Fig. 3.7: The upper left shows the calculation model. The upper right shows a snapshot
of the z-component of particle velocity at 0.10 s. The lower left and right figures show
the z-component at 0.14 s and 0.18 s, respectively.
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, Ricker wavelet 66, 80, 100 Hz ,
. , , 6, 5, 4
.
Fig. 3.7 2 , 0.1 s, 0.14 s, 0.18 s vz
. PP, PS , PML
.
Fig. 3.8 , Fig. 3.7 . vx,
vz . , DEFGM , FDM4
. DEFGM, FDM4











. na , nb
. sj , s
a
j . E Fig. 3.8
. DEFGM FDM4
.
, Fig. 3.9 Fig. 3.8 0.2 s 0.3 s . PS






, 4001×2001 . , 2000×1000
, ,
.
Vp = 1732 m/s, V s = 1000 m/s, ρ = 1500 kg/m3, 50 Hz
Ricker wavelet . (FDM ) ∆x = ∆z = 1 m
. , S 125 Hz
60 3 2
Fig. 3.8: Comparison of the x- and z-direction velocity components. The analytical
solution (thick black line) is plotted against the numerical one (thin gray line) obtained by
DEFGM and FDM4.
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Fig. 3.9: Magnification of Fig. 3.8, between 0.2 and 0.3 s. The analytical solution (thick
black line) is plotted against the numerical one (thin gray line) obtained by DEFGM and
FDM4.
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cR , , cR = 919 m/s .
FDM4 , 1 m , 0.5 m
. FDM4-d1m, FDM4-d0.5m .
Fig. 3.10(a), 3.10(b), 3.11(a), 3.11(b) , 100, 200, 500, 1000 m
. FDM4-d1m , 500 m




1. 6 bases; ( , Liu, 2003; Beissel and Belytschko,
1996; Brighenti, 2005) ,




i (3.70) na = 4
.
2. 7 bases; .










, , Table. 3.1 . , FEM
.
4. Compound bases; GL (Fig. 3.2(a) i =iv) , 7 bases,
8 GL FEM interpolation .
Fig. 3.12(a), (b) , 1000m 2000m .
.
6 bases FDM4 . EFGM
, .
3.6. 63
(a) Offset = 100 m
(b) Offset = 200 m
Fig. 3.10: Comparison of the x- and z-direction velocity components. The analytical
solution (thick black line) is plotted against the numerical one (thin gray line) obtained
by DEFGM and FDM4. From top to bottom, the graphs correspond to DEFGM, FDM4
with 1 m grid spacing and FDM4 with 0.5 m grid spacing. (a) Offset = 100 m, (b) Offset
= 200 m
64 3 2
(a) Offset = 500 m
(b) Offset = 1000 m
Fig. 3.11: Continue of Fig. 3.10; (a) Offset = 500 m, (b) Offset = 1000 m.
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(a) Offset = 1000 m
(b) Offset = 2000 m
Fig. 3.12: Comparison of the x- and z-direction velocity components. The analytical
solution (thick black line) is plotted against the numerical one (thin gray line) obtained
by various DEFGM. From top to bottom, the graphs correspond to 6 bases, 7 bases, FEM
interpolation and compound bases. (a) Offset = 1000 m, (b) Offset = 2000 m.
66 3 2
Fig. 3.13: Schematic illustrations when the EFGM computation for a wave propagation
problem is conducted. (a) First-order polynomial interpolation, (b) Second-order
polynomial interpolation.
, Belytschko et al., (1994) (2007) , EFGM FEM
, , , 2×2
( , 2 ).
7 bases , FEM
.
Fig. 3.13 , EFGM . Fig. 3.13(a)
, 2 , MLS , GL FEM
. Fig. 3.13(b)
3 , FEM , MLS
.
EFGM , MLS , GL ,
, . EFGM FEM
, , 1
. , Compound bases , GL MLS
, GL , FEM
. , FEM .
3.6. 67
Table 3.2: The array sizes for our FEM and FDM in the case of that (2Nx + 1)(2Nz + 1)
nodal points are evaluated.
λ, µ ρ M¯ σxx, σzz, σxz, vx, vz
FDM (2Nx + 1) (2Nx + 1) N/A (2Nx + 1) (2Nx + 1)
×(2Nz + 1) ×(2Nz + 1) ×(2Nz + 1) ×(2Nz + 1)
FEM NxNz N/A (2Nx + 1) 9NzNx (2Nx + 1)
×(2Nz + 1) ×(2Nz + 1)
Table 3.3: Collection of computation times on Xeon 3.0 GHz PC. The calculation model
consisted of 1000 time steps and 401 × 401 nodal points (upper table). The model with
2000 time steps and 801 × 801 nodal points (lower table) is also shown. Values in square
brackets show the ratio of the calculation time when FDM is assumed to be one. [PML]
means the computation comprising PML absorbing boundary condition.
401 × 401 801 × 801 401 × 401 [PML] 801 × 801 [PML]
FDM 26 s 4 min 34 s 2 min 30 s 30 min 50 s
FEM 1 min 16 s 24 min 18 s 18 min 26 s 3 h 5 min 34 s
3.6.5
Table. 3.2 , . ,
8 byte .
Table. 5.5(a) , Xeon 3.0 GHz PC DEFGM FDM4
. 401 × 401 1000 , 801 ×
801 2000 .
. ∆t ( (3.139)),
2 .
Table. 5.5(a) , 801 × 801 FDM4 , 401





, FEM , 4 FDM
. DEFGM .
• , .
DEFGM , 4001 2001 ,
. DEFGM FDM4 2.9 ,
, . , DEFGM FDM , PML
.
• PS . FDM4 , DEFGM
. , DEFGM 3 , FDM4
4 . ,
, FDM4 , DEFGM .
• 8 ,
FDM4 5 (Ricker wavelet )
, DEFGM 50 . , FDM4
2 . ,
1m DEFGM 0.5m FDM4 .






EFGM . , FEM
. ,
.




. , DEFGM , ,
FDM .
3.7. 69









: (1) , (2)
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1. (SMS; quasi-Static Moving Source)
2. (SPF; Sleeper Passage Frequency)
3. (DMS; Dynamic Moving Source)
, DMS , , .
SMS . ,
10Hz .
(Takemiya and Bian, 2005). , Degrande and Lombaert (2001)
, ,
. , bow
wave( ) , DMS
(Sheng et al., 1999). SPF ,
, . , 50 60cm
, , , 60m/s , SPF
100Hz . , Degrande and Lombaert (2001)
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, 10 20m 5 40Hz
, DMS . , Sheng et al. (2004), Lombeart et al
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Fig. 4.1: Schematic illustration of the field site. This is an embankment railroad. Upper
left panel shows a cross section of the embankment. Location of right side and left side
wheel is indicated. Three pictures are taken from arrowed angles.
4.2
, 2004 8 6
. , 2004 8 5 . Fig. 4.1




4.1 A Tab. 4.1 .
Vp, Vs PS . Fig. 4.5 Vp, Vs .
1500 kg/m3 .
, ( , 2006) , Vp =
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Fig. 4.3: The picture taken from angle 2 in Fig. 4.1. Inset in lower right of image shows
the accelerometer.
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Fig. 4.5: Graph of the PS logging data. This graph is plotted by Tab. 4.1
76 4 FDM
Table 4.1: Boring log on the railway site. This table shows the aspect of boring core and
the result of PS logging. Schematic diagram of this site is shown in Fig. 4.1. Borehole
present at location A.
Vp Vs
(m) (m/s) (m/s)
0.00 0.30 30mm 50mm 1000 120 0.493
.
0.30 1.80 . 1000 120 0.493
.
1.80 2.60 . 1000 150 0.488
2.60 3.10 . 1000 150 0.488
3.10 3.50 . 1000 150 0.488










6.90 7.70 . 1900 240 0.492
7.70 8.40 2mm 1900 180 0.495
.
8.40 9.00 . 1900 180 0.495
.
9.00 9.80 1900 180 0.495
.
9.80 10.10 . 1900 180 0.495
10.10 11.40 2mm 1900 180 0.495
. .
11.40 11.80 . 1900 240 0.492
11.80 13.50 , . 1900 240 0.492
.
13.50 14.45 3mm 30mm 1900 430 0.473
.
.






Fig. 4.6 , . . (a) , (b)
. Fig. 4.7 , .
400 m , 8 .
Fig. 4.6(b) , .
. , 1
, .
, V m/s 1 u(t)
. 2 1 L m , 1
, 2 f(t) ,




























, ωL/V 2pi 0 .
g˜(ω) ,
























. , (1999) . ,
a, b, A,N, V Fig. 4.7 . Fig. 4.8 , (4.3) 3
. V =74.4 m/s . 8.9, 11.9, 17.9, 20.8, 23.8, 26.8,
29.7, 32.7, 35.6, 38.6 Hz .





. , 1 .
78 4 FDM
Fig. 4.6: Ground vibration observed at a field site. (a) Time series for field records of
vertical components of acceleration. Locations A and B are 15 m and 30 m from the rail
track, respectively. (b) Amplitude spectra for (a). Ten peak frequencies are indicated and
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Fig. 4.7: Schematic illustration of the axle arrangement of the train investigated in this
study.









M − 1 (4.4)







Fig. 4.9 , 1 .
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Fig. 4.8: The bottom panel shows the line-shaped envelop given by a 16 car train running
at 74.4 m/s. It is recognized that Eq. (3) provides the field data with 10 main peak
frequencies: 8.9, 11.9, 17.9, 20.8, 23.8, 26.8, 29.7, 32.7, 35.6, and 38.6 Hz. If the total
response from 64 axles were completely the same, the amplitude spectrum from all the
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Fig. 4.9: Geometry of the Doppler effect.
λ =





c− V cos θf0 (4.6)
0 < θ < pi (4.7)












c− V cos θf0 (4.9)
, FK , (4.6), (4.7), (4.9) cos θ






. , FK ,
f0 ,
.
, Fig. 4.1 ( ) ,










































































































































































































Fig. 4.10: Field data for the in-line array shown in Fig. 1. The number of receivers
arranged parallel to the railway is 16. (a) Vertical component acceleration waveforms for
the test field. (b) FK spectrum. Sloping distributions representing the Doppler effect are
presented.
. z ( ) . 1
.
, 1 u(x, t) , 1
u˜(k, f) , .





u (x, t) exp [−i2pift] exp [−i2pikx] dxdt (4.12)
Fig. 4.10 2 , ,









































































































































Fig. 4.11: Diagrams of strain gauges for measuring the force on wheel. Left panel shows
a diagram of a wheel with 16 strain gauges attached to measure the vertical force on the
wheel. The right panel shows a connecting diagram.
4.2.3
, Fig. 4.11 , 16
( , 1993). 0.43 mm ,
0.3377 m .
0.675m . 74.4 m/s 0.009 s ,
111 Hz . Fig. 4.6(b) ,
50 Hz ,
, .
Fig. 4.12 (a) , (b) .
(a) , Fig. 4.1 x . (b)
, , 0 70 Hz ,
(Fig. 4.6(b)) .
84 4 FDM
Fig. 4.12: Force on one wheel. (a) Waveforms. The distance on the horizontal axis
corresponds to the x axis in Fig. 1. The train was running at 74.4 m/s; therefore, it













( , 2006) .
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f (x, 0, t) = δ (t− x/V ) cos (xω0/V ) (4.14)
. 4.14 , V
. , 4.14













































(J + J ′)/2 . , V































. , Q .
Q 10 . , Q=10 .
, S=0.5m , N=60, 120, 240, 1200
(4.17) , 4.13(a) 4.13(c) . 60m,
120m, 240, 1200m , 1200m .
V 75m/s c 100m/s .
Fig. 4.13(a) 1200m 60m , 2 . 1
(4.14)
. 2 , (4.14)
. , Fig. 4.13(a) ,
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(c) 240 m railway approximation
Fig. 4.13: First stability condition for the moving source problem. Using Eq. (4.17), the
stability condition for railway length are evaluated. (a) 60 m, (b) 120 m, (c) 240 m railway




f (x, 0, t) = δ (t− x/V ) (4.18)
. ,
, .


























. (4.18), (4.19) , (4.20)

































Fig. 4.14 , (4.15) S=0.25m S=1.0m
. V =75m/s, c=100m/s NS=60m
. (4.21) . 2 .
1. 1.0m , 42Hz
. 75m/s 1.0m 75Hz
. 42Hz
.
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Fig. 4.14: Responses from the average component of force from a moving source in 2D
acoustic space. The analytical value can be obtained from Eq. (4.21) and approximate
values from Eq. (4.22) under the conditions c = 100 m/s, V = 75 m/s, y = 10 m, and S =
0.25 m or 1.0 m. The approximation of S = 1.0 m manifests an error at 43 Hz or more.
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Fig. 4.15: Illustration for making numerical moving source. Upper panel illustrates the
force distribution function of Eq. (4.23). Lower panel shows the time series of input




. , Fig. 4.12
. ,
. , Krylov (Krylov, 1996). Takemiya
and Bian (2005) X-2000 ,
Krylov .
, , ( , 1992).




















( , 1999; , 2001; , 2004).
Fig. 4.15 . S
S = 0.25m .
.
−∞ +∞ 1 . , Fig.
4.12 , (4.23)
. Fig. 4.15
3 m , 0.25 m , 12






. , Fig. 4.15 , FDM .
4.4.2 FDM
, , , 120m
. , FEM
FDM , , 1 , Blanch
method .
Vp, Vs, ρ
Fig. 4.1 A Table. 4.1 .
Vp, Vs PS . Fig. 4.5 Vp, Vs
. 1500kg/m3 .
,
• Vp = 800 m/s
• Vs = 200 m/s


































Fig. 4.16: The model illustration by FDM pixel arrangement. The material boundary
between soil and vacuum exists at the midpoint of lattice points. The ID numbers of the
layers in Table 1 are shown. The layer boundaries also exist at the midpoint of lattice
points.
94 4 FDM
Table 4.2: Parameters used in simulation study. In this simulation study, Qp = Qs is
assumed.
ID Depth m Vp m/s Vs m/s Q ρ kg/m3
0 Embankment 800 200 5 50 1400
1 0.00 1.75 1000 120 5 50 1500
2 1.75 3.50 1000 150 5 50 1500
3 3.50 5.00 1000 240 5 50 1500
4 5.00 7.75 1900 240 5 50 1500
5 7.75 11.50 1900 180 5 50 1500
6 11.50 13.50 1900 240 5 50 1500
7 13.50 14.50 1900 430 5 50 1500
8 14.50 1900 580 5 50 1500
Qp, Qs
.
Q . Blanch method
, ω = 2pi × 15Hz , Q0 = 15, 25, 50 , ω = 2pi × 15Hz ,
Q0 = 5, 6, 7.5 6 . ,
Qp = Qs . , - Qp Qs 1
(Leurer, 2004).
FDM Table. 4.2 .
0.25m PS . ,










































































































































    










































































































    ﬁ
ﬂ

















 = >  @
9 :

 =  A @
9 :
> B = > A @
9 :
4
B =   @
    










































































































    ﬁ
ﬂ

















 = >  @
9 :

 =  A @
9 :
> B = > A @
9 :
4
B =   @
Fig. 4.17: Wavefield snapshot obtained by numerical simulation for various locations of
a single axle. These show the isosurface of the vertical component of particle velocity.
4.5
. 74.4 m/s , 73.2 m/s
, 74.4 m/s
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Fig. 4.18: (a) Vertical component acceleration waveforms obtained by numerical
simulation. A total of 16 receivers are located at 2 m intervals in an in-line array as
shown in Fig. 4.1. (b) FK spectrum of (a). A sloping distribution is seen representing the
























































































































































Fig. 4.19: (a) Superposed waveforms of Fig. 4.18(a), (b) FK spectrum of (a). This aspect




. (a) , (b) (a) FK .
(4.9) .
, (-0,1 /m, 17.6 Hz) (0.2 /m, 40 Hz) 2
74.4 .
Fig. 4.19 Fig. 4.18 Fig. 4.7 ,
64 . (4.3) Fig.
4.8 .
, Fig. 4.10 .
4.5.3 Q
, . Table. 4.3
Q 6 10
. , 4 , Fig. 4.20
A B . Fig. 4.20(a) 15Hz
Qp = Qs = 50 , , (b) 15Hz Qp = Qs = 15, (c) 30Hz
Qp = Qs = 6, (d) 30Hz Qp = Qs = 5 .
74.4 m/s .
Q ,
, Q 5 30 h 0.3 10 . ,
(Xia et al., 2002; Foti, 2003).
, Fig. 4.21 . 74.4
m/s 25 m 1 0.3 ,
. ,
.
Fig. 4.6(b) , (4.3)
. 8.9 11.9 2
, 17.9, 20.8, 23.8, 26.8, 29.7, 32.7, 35.6 38.6Hz 8
. , A( 2.5m) Qp = Qs = 5,
B( 15m) Qp = Qs = 6 .
.
, Q . , 2.4.5
, L=1 Blanch method Q ,
4.5. 99
Q 1 2 . , ,
Q
(Xia et al., 2002; Foti, 2003).






Fig. 4.6(b) B , 14.9Hz ,






Table 4.3: Peak values collection of 6 cases; Q = 5, 6, 7.5, 15, 25, 50
Point A
Hz FIELD Q=50 Q=25 Q=15 Q=7.5 Q=6 Q=5
(15Hz) (15Hz) (15Hz) (30Hz) (30Hz) (30Hz)
8.9 2.06 1.24 0.98 0.80 0.52 0.43 0.31
11.9 1.18 0.69 0.59 0.54 0.63 0.57 0.52
17.9 1.50 2.05 1.64 1.36 1.12 0.97 0.82
20.8 3.31 15.25 12.57 9.96 5.52 4.19 3.19
23.8 1.07 3.19 2.41 1.82 0.82 0.63 0.47
26.8 0.96 17.60 14.60 11.62 5.42 4.08 3.03
29.7 2.80 5.79 4.31 2.70 1.46 1.33 1.12
32.7 0.24 5.37 4.51 3.44 1.55 1.06 0.76
35.7 0.23 5.39 4.34 2.93 0.11 0.17 0.13
38.7 0.74 11.54 7.65 4.41 1.33 1.08 0.94
Point B
8.9 1.60 0.70 0.57 0.49 0.71 0.72 0.71
11.9 0.96 0.76 0.64 0.50 0.36 0.26 0.19
17.9 0.99 0.72 0.60 0.43 0.37 0.32 0.25
20.8 1.65 2.27 1.79 1.33 0.76 0.48 0.31
23.8 0.55 5.30 3.46 2.11 0.39 0.18 0.08
26.8 0.14 8.31 5.52 3.36 0.63 0.34 0.19
29.7 0.55 15.91 11.03 6.91 1.38 0.73 0.39
32.7 0.36 6.99 4.82 3.38 0.66 0.34 0.18
35.7 0.15 5.48 4.16 2.87 0.50 0.26 0.14
38.7 0.50 18.64 12.37 7.64 0.76 0.37 0.20
4.5. 101
Fig. 4.20: Simulated ground vibrations for four individual Q settings. (a) Qp = Qs = 50
and 15 Hz (b) Qp = Qs = 15 at 15 Hz (c) Qp = Qs = 6 at 30 Hz (d) Qp = Qs = 5 at 30
Hz.
102 4 FDM
Fig. 4.21: Comparison of the simulation data with the field data in the time domain at
location A. Simulation data are obtained by combining two cases of Qp = Qs = 50 and
ω0 = 2pi × 15 Hz and Qp = Qs = 5 with ω0 = 2pi × 30 Hz. A 40 Hz low pass filter is









, . , ,
- ( , 2005). ,
,
. , ,




( ) . ,
, ,
. , Q , ,
.
, 15Hz , Q 7.5 ,
. . ,
. , 8.9 11.9Hz
, 14.9Hz , ,
64
.
, DMS(Dynamic Moving Source)
, 2 . ,
,
. , . ,
,
(Xia et al., 2005). ,
FDM FEM . , FEM
, .
104 4 FDM




, / (Sheng et al.,
2004; Lombeart et al., 2006). , FDM (Katou
et al., 2006a). , , . Hall(2003)
FEM , . O’Brien and Rizos(2005) Sheng
et al. (2006) , (BEM; Boundary Element Method) FEM
. FEM ,
BEM . Takemiya and Bian (2007)
, FEM . , FEM
, .
, , 3 FEM DEFGM . 2
, . ,
2, 3 , .




Fig. 5.1 3 FEM . 3×3×3=27
1 . , 2 .
3 , 3 FEM , 50 ,
. , . 4
,
.
, 3 DEFGM 4 FDM
(Katou et al., 2007a). ,
(Katou et al., 2007b).





106 5 3 FEM DEFGM
Fig. 5.1: Single element for 3D FEM.
5.2 3 FEM
5.2.1
Fig. 5.2 , 3 FEM .
, . ,








40×40×40 . Fig. 5.4
x, y, z .
. 100 . , ,
( HPC2500) PC (Intel Xeon Quad-core
8 , 32 ) .
Fig. 5.5 . PC
. , Fig. 5.5(b) 1 N
,
V alue(N) = CPUtime(1)÷ CPUtime(N)÷N (5.1)
5.2. 3 FEM 107
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Fig. 5.2: Computation flow chart for 3D FEM with parallel computing.
Fig. 5.3: Schematics of message passing.
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Fig. 5.4: Left panel shows the total calculation space. Right table shows the numbers of
division for each direction.
. N 1
N . ,





FDM , , FEM
. FEM FDM
(Katou et al., 2007a).
5.2.2
Fig. 5.6 3 .
• (a) , .
. , (1993) .
• (b) , , .
, Kennett(1979), (1980) (RM;
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Fig. 5.5: CPU time reduction by parallel computing.
Reflectivity Method) . , , SPICE Homepage
(http://www.spice-rtn.org) .
• (c) , , . , (b)
.
Table. 5.1 . , 2Hz
Ricker wavelet . RM , constant Q
c(∞) =∞ . ,
. Ka¨ser and Dumbser (2007) , 2Hz
Ricker wavelet , 2.5Hz .
, (c) , (2.71) , 2.5Hz RM
.
Fig. 5.7 5.9 . (a) , FEM





, . , (b) FEM
RM , .
110 5 3 FEM DEFGM
Table 5.1: Parameters for accuracy tests. Blank parts mean N/A.
(a) Elastic (b) Elastic (c) Viscoelastic (c) Viscoelastic
halfspace wholespace wholespace (FEM) wholespace (RM)
Upper
Vp m/s 3500 3500 3500 3460
Vs m/s 2000 2000 2000 1955










Vp m/s 4300 4300 4275
Vs m/s 3000 3000 2966









5.2. 3 FEM 111












(b) Elastic wholespace (c) Viscoelastic wholespace
Fig. 5.6: Three models for testing numerical accuracy of 3D FEM. Rs means the distance
normalized by S-wavelength for 2 Hz peak Ricker wavelet.
(c) , FEM SLSM , RM
constant Q . ,
, (b) .
, FEM , , Komatitsch
and Tromp (2002) SEM, Ka¨ser and Dumbser (2007) ADER-DG, Carcione (1994)
PS-FDM . FEM ,





































































Fig. 5.7: Result for elastic halfspace model.
























































































































Fig. 5.9: Result for viscoelastic wholespace model.
5.3. 113
Fig. 5.10: A picture of a reinforced viaduct. This picture is from Hara et al. (2004).
5.3
B , DEFGM ,
.
Fig. 5.10 X .
, ( , 2004).
.
5.3.1
Fig. 5.11 . 1m ,




. , . Table. 5.2
. (1999, p107)
.
20Hz , . Fig. 5.13
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Fig. 5.13: Quasi-static moving source from the weight of train body.
116 5 3 FEM DEFGM
Table 5.2: Parameters of viaduct, soil and steel beam.
Concrete Vp=1732m/s, Vs=1000m/s, ρ=1500kg/m3, Qp = Qs = 20
Soil Vp=1000m/s, Vs=200m/s, ρ=1500kg/m3, Qp = Qs = 5
H-steel E=21GPa
. 1N
. 75m/s . 3.75m
. ,
. , , (SMS)
, , DMS ,
, SMS ( , 2005).
5.3.2
Fig. 5.14 X ( , 2004). X
. 0072
, ,
. , 0.288 . ,
.
, X
, . Fig. 5.15(a) (c) Fig. 5.12
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Fig. 5.14: Simulated wavefields from viaduct structure. The wave shown in 0072 sec is a
numerical artifact. The wave shown in 0.288 sec is induced by the joint point of viaduct.












 ﬁﬀﬃﬂ !"ﬂ# 	 $











   
 
         ﬀ ﬂ    ﬂ #   $
 ﬂ      ﬀ ﬂ    ﬂ #  













 ﬀﬂﬁﬃ !ﬃ#"  $










  	 
	   	 
         ﬁ ﬃ    ﬃ "   $
 ﬃ      ﬁ ﬃ    ﬃ "  ) * , .  / 0 "   2 3 4 5 ﬁ 7













 ﬀﬂﬁﬃﬀ !!"ﬀ !# ﬁ $












   
 
        ﬁ ﬃ   "   #  ﬁ $




Fig. 5.15: A numerical prediction of the X-shaped measurement construction. Thin and
thick lines show the waveforms of before- and after-construction respectively. (a) Depth
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Fig. 5.16: A schematics for calculating the averaged velocity.
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(b) Surface image
Fig. 5.17: Sheet pile model; Flat case. (a) 3D image, (b) Surface image
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(b) After low-pass filter
Fig. 5.19: Time series of synthetic transient force. (a) Before 20Hz low-pass filter, (b)
After 20Hz low-pass filter
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Fig. 5.21: Waveforms in case of flat sheet pile construction. Solid and dotted lines show
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Fig. 5.22: Waveforms in case of flat sheet pile construction. Solid and dotted lines show
the waveforms for before- and after-construction, respectively.
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Fig. 5.23: Decibel maps for describing the effect of sheet pile construction. The lattice
points with minus value mean the place where the sheet pile construction supplies the
reduction of ground vibration level. Left and right panels show the case of flat and wavy
construction, respectively.
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a(t) ∗ b(t) = b(t) ∗ a(t) (A.7)
x(t) ∗ (y(t) + z(t)) = x(t) ∗ y(t) + x(t) ∗ z(t) (A.8)
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Fig. B.4: Connecting part between DEFGM and beam structure. Black circle means nodal
points, A means cross-section area of beam element, and B means the area assigned for
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(b) Hybrid model
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Fig. B.6: Waveform comparison between elastic body and hybrid models in Fig. B.5(a)
and (b).
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